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Matrix metalloproteinase (MMP)-2 and -9 are secreted and translocated from endometrial stromal cells to HEC-1 A cells in a steroid-dependent manner (1) . Hepatocyte growth factor (HGF) is secreted by fibroblasts and is involved in regulating cell growth and proliferation, such as morphogenesis, mitogenesis, motogenesis, metastasis, and antiapoptotic actions in cancer cells (2) . HGF is composed of a 69-kDa a-chain and 34 kDa b-chain (3) . The a-chain contains four continuous kringle areas at the hairpin of the N-terminal, while the b-chain contains a serine-protease area (4) . The Met receptor of HGF is composed of a 50-kDa a-chain and a 145-kDa b-chain, and exists on the cancer cell surface (5) (6) (7) (8) . Invasiveness of endometrial cancer cells has been reported to correlate with HGF concentrations (9) , and increased MMP activity is known to be implicated in this process (10, 11) . MMPs, such as type IV collagen, laminin, entactin, proteoglycans, and glycosaminoglycans (12) , are differentiated forms of cellular matrix which destroy the components of the basement membrane and extracellular membrane. This polarized basement membrane acts as a barrier between tissues, and breakages in its integrity facilitate the local and distant metastatic characteristics of cancer cells (13) . In metastatic sites, cancer cells utilize MMPs to promote tumor growth and neovascularization, thereby forming a microenvironment favorable for cancer invasion and metastasis. About 20 similar types of MMPs have been revealed to date, and a common structure among the MMPs reveal a ''pre'' region for secretory functions, a ''pro'' region for preserving latency, and an active catalytic region which act as a zinc-binding active site (14) . Most MMPs also have a hemopexin or fibronectin-like region, which has a role in stromal recognition and suppression. The activation of MMPs is characterized by a multistep process: first, factors with varied transcription regulation capabilities such as oncogenes, growth factors, cytokines, and hormones are involved in the transcriptional control (15) . Second, MMPs are secreted and attached to membranes as inactive zymogens, before being lysed by enzymes such as stromelysin or plasmin to gain full catalytic capability (16) (17) (18) (19) (20) . Third, once MMPs are secreted, they are translocated to the surface of the invading cancer cells (1, 21) . Fourth, there is a circulating protein blocker such as a2-macroglobulin or TIMPs (tissue inhibitor of metalloproteinases) by which the MMP enzyme activities are suppressed. Consequently, the complex of MMPs and their suppressors is inactive and therefore cannot combine with stromal tissues (22) . MMP-2 and MMP-9 (gelatinase B) are the most potent among the MMPs in destroying the major component of cellular basement membranes (23) (24) (25) (26) (27) (28) (29) (30) (31) . Both MMP-9 and MMP-2 are expressed in a number of cancers such as breast, colon, lung, prostate, pancreas, and ovary (32) (33) (34) (35) (36) (37) . Suppression of MMP-9 activity is due to combining with TIMP-1 (35) , although the precise mechanism of MMP-9 suppression is not yet understood.
In this study, we attempted to clarify the effect of HGF on the activation of MMP and TIMP expression, and also on the invasiveness of cancer cells by using 3D coculture of the human endometrial cancer cells and stromal cells.
Materials and methods

Cell preparations
All three cancer cell lines were obtained from American Type Culture Collection (Rockville, MD). The HEC-1-A cell line (ATCC HTB-112) is a grade II adenocarcinoma of the endometrium with c-fos oncogene which was separated from endometrial carcinoma patients by Kuramoto in 1968 (38) . The HEC-1-B cell line (ATCC HTB-113) is also a subtype of a grade II adenocarcinoma cell line separated from similar patients. The KLE cell line (ATCC CRL-1622) is an adenocarcinoma cell line obtained mainly from Caucasian patients. The carcinoma cells were maintained according to the provider's instructions. The cells were then adjusted to Dulbecco's Modified Eagle Medium (DMEM) (Gibco-BRL, Grand Island, NY, USA) with 10% fetal bovine serum (FBS, Gibco-BRL). Human endometrial tissues were isolated by curettage of hysterectomy specimens from patients with benign conditions and no evidence of endometrial disease. Prior informed consent was obtained in all cases and all selected patients were confirmed to be of reproductive age and at the proliferative phase of their menstrual cycles. Nearly pure stromal cell fractions were separated as previously described (1) . Briefly, the tissues obtained by curettage were transferred to DMEM/F-12 (Gibco-BRL) culture media. The thinly separated endometrial tissue samples were mixed in 5 ml of trypsin-EDTA solution (0.05% trypsin and 0.53 mM EDTAÁ4Na in Hanks' Balanced Salt solution (Gibco-BRL) and 600 ml of pancreatic solution (Gibco-BRL) at 37 C for 10 min. Six milliliters of DMEM containing 10% FBS was added to stop the reaction. After centrifuging at 400 rpm for 10 min, the pellet was re-suspended in 10 ml of DMEM containing 10% FBS and b-estradiol (100 nM, Sigma, St. Louis, MO, USA). After 30 min at room temperature, the upper two third of the supernatant, enriched in stroma cells, was plated onto a surface-coated plastic culture dish (Corning, New York, NY, USA) for 24 h. The plate was then rinsed several times with serumfree DMEM/F-12 medium to remove red blood cells, glands, and large epithelial fragmentary masses. All cells were cultured in a 37 C humidified chamber supplied with 5% carbon dioxide.
3-D coculture
In order to simulate in vivo conditions, 3-D artificial endometrial tissue was reconstructed according to Park et al.
(1) as follows: 1.0 ml of type I collagen (Sigma) and matrigel (Sigma) mixture (volume ratio 4:1) was mixed with approximately 2 Â 10 6 stromal cells in a 24-well culture plate. This gel was then solidified in a 37 C humidified incubator containing 5% CO 2 for 20 min. After gelation, the stromal cells in the gel (also called ''artificial tissue'') were cultured in DMEM plus 10% FBS for another 24 h. The artificial tissue was washed several times with DMEM containing 0.3% growth factor-reduced human serum albumin (HAS, Gibco-BRL) before being cultured in DMEM containing 0.3% HAS. Approximately 2 Â 10 5 HEC-1A, HEC-1B, or KLE cells were innoculated onto the 3-dimensionally reconstructed tissue directly or in a culture insert coated with the collagen-matrigel mixture, and cocultured in the presence or absence of 10 ng/ml of human recombinant HGF (Sigma) until the reverse transcription polymerase chain reaction (RT-PCR) or the invasion assay was carried out.
Reverse transcription polymerase chain reaction (RT-PCR)
The total RNA was extracted from stromal cells and cancer cells using RNAsol B (Biotech Laboratory, Houston, TX) according to the manufacturer's instructions. RNA of 1.9 or higher in the absorption ratio at 260-280 nm were used for cDNA synthesis. Four to five micrograms of total RNA were used for cDNA synthesis with 18 base oligo dT (GenoTech, Seoul, Korea) and reverse transcriptase EX (Takara Shuzo, Ghiga, Japan). The primer sequences and sizes expected in the PCR were: for MMP-2, forward 22mer 
Invasion assay
In order to quantitatively determine the invasion degree of HEC-1 A, HEC-1B, and KLE cell lines in the coculture system, Boyden's chamber assay was performed using 8 mm pore transwell polycarbonate membrane inserts (Nalge Nunc, New York, NY). The membranous insert was soaked in 100 ml of 1:8 diluted matrigel in cold DMEM (Biocoat, Bedford, UK) and dried under a laminar flow overnight. Approximately 1 Â 10 5 HEC-1 A, HEC-1B, or KLE cells were innoculated into each insert and cocultured with stromal cells. The culture medium was changed every day. Three days after the coculture, the inserts were washed three times with PBS and fixed with 4% paraformaldehyde in PBS for 3 h at 25 C. After being washed with PBS, the fixed cells were briefly treated with ice-chilled methanol. The permeable cells were then stained with Mayer's hematoxylin solution (Sigma) for 2 min and washed with PBS for 10 min. The transwell membrane was removed from the insert, placed on a slide glass upside down, immersed in a diluted glycerol solution (1:10 in PBS), and observed under a microscope. Cells trapped in the membrane pore were counted. The assay was repeated three times per cell line, and two separate observers determined the degree of invasion.
Gelatin substrate zymography
To assess MMP activity, zymography was conducted utilizing gelatin as a substrate (39) . Nonreduced and standardized aliquots of serum-free medium conditioned with cancer cells and stromal cells were collected and copolymerized with 10% standard polyacrylamide gel containing 1% gelatin (40) . After electrophoresis, SDS was washed by 2.5% Triton X-100 two times for 1 h, followed by incubation in a Tris-based buffer (pH 7.5) overnight. Gels were stained with 2.5% Coomassie Brilliant Blue (Sigma) and destained. The gelatinolytic activity was detected as clear bands in the background of uniform staining.
Statistical analysis
One-way ANOVA was employed to compare the invasion assay results between the different treatments. P-values less than 0.05 were considered to be of statistical significance.
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Results
Expression of MMP and TIMP mRNAs both in endometrial cancer cells and stromal cells after 3D coculture was examined by RT-PCR to observe the paracrine effect of HGF. In the absence of HGF, the expression level of MMP-2 mRNA (828 bp) was high in stromal cells but undetectable in cancer cell lines (Fig. 1A) , whereas levels of MMP-9 mRNA (515 bp) expression was low in stromal cells, but also undetectable in the cancer cell lines (Fig. 1B) . Expression levels of MT1-MMP mRNA (782 bp) was low in stromal cells but detectable in KLE cells (Fig. 1C) . Both TIMP-1 (711 bp) and TIMP-2 mRNA (282 bp) were expressed in all three cancer cells and stromal cells, but the expression level of TIMP-1 mRNA was about threefold higher than TIMP-2 (Fig. 1D ). In the presence of 10 ng/ml HGF in the culture medium, neither MMP-2 nor MMP-9 mRNA was expressed in the cancer cells ( Fig. 2A) . However, expression levels of MMP-2 and MMP-9 mRNA were higher in stromal cells compared to those obtained in the absence of HGF (Fig. 1A,B) , and in particular, the expression of MMP-9 mRNA was strongly induced by more than tenfold by HGF (Fig. 2B) . The expression level of MT1-MMP mRNA in the presence of HGF (Fig. 2C) was also significantly different compared to that obtained in the absence of HGF (Fig. 1C) in both KLE cells and stromal cells. The expression levels and patterns of both TIMP-1 and TIMP-2 mRNA were ubiquitous and similar irrespective of the presence of HGF (Fig. 2D,E) .
Zymographic analysis was then conducted to see whether the expression levels of MMP mRNAs in cells reflected the presence of active MMPs in the medium. Conditioned medium from the coculture was collected and subjected to zymography using gelatin as a substrate. As shown in Fig. 3 , most MMP-2 and MMP-9 existed as mature, active forms in the presence of 10 ng/ml HGF (68 kDa and 85 kDa, respectively). In contrast, a significant proportion of MMP-2 and MMP-9 existed as proforms (72 kDa and 92 kDa, respectively) in the absence of HGF. This finding indicates that HGFs are effective at enhancing the conversion of proforms of MMP-2 and MMP-9 into active, mature forms. A quantitative invasion assay (Fig. 4) was performed to measure the invasiveness of the endometrial cancer cells in the 3D coculture. Each assay was performed three times, and the average number of invading cells and the standard deviation are presented. The presence of 10 ng/ml HGF in the coculture significantly promoted cancer cell invasion (P < 0.05) compared to the control (no HGF).
Discussion
For cells to become invasive, there are several conditions that need to be met. This includes the loss of adhesion molecules that support the proliferation of malignant cells and their cohesion with surrounding tissues and cells and the destruction of the basement membrane and extracellular matrix (24) . For these processes to occur successfully, type IV collagen, which is the principle component of the extracellular matrix, must be lysed (41, 42) . Type IV collagen acts as the extracellular matrix for MMP-2 and MMP-9, and in this study we attempted to observe the in vitro effect of HGF on the expression and activity of MMP-2 and MMP-9, which was previously known to increase the activity and metastasis of cancer cells (9) . However, when 2-dimensional cell cultures were compared to 3-dimensional cell cultures, there was a difference in the tyrosine phosphorylation of the focal adhesion kinase (FAK) and in the expression of integrins, paxillins, and cytoskeletal components, which have been shown to affect the intercellular interaction and cell activity (43) . Therefore, we adopted the 3-dimensional coculture of endometrial cancer cells and stromal cells to minimize the morphologic changes which influence intercellular interaction, and also to reconstruct a functional environment that is as close as possible to in vivo conditions. The pattern of MMP-2 and MMP-9 expression was confirmed by RT-PCR and zymography, and correlated with invasiveness determined by an invasion assay. Furthermore, RT-PCR analysis of MT1-MMP, TIMP-1, and TIMP-2 was also conducted to provide additional information which might be related to the regulation of MMP-2 and MMP-9 activities.
All three cancer cell lines under coculture conditions with stromal cells did not express MMP-2 or MMP-9 mRNA, regardless of whether HGF was present or absent in the culture, whereas the expression levels of MMP-9 mRNA in stromal cells was significantly increased in the presence of HGF. The lack of MMP-2 or MMP-9 mRNA expression in cancer cells is consistent with previous reports (1, 21) , suggesting that endometrial cancer cells utilize MMPs secreted from stromal cells in the invasion process. Furthermore, the addition of HGF to the coculture induced the expression of MMP-9 mRNA in stromal cells but had little or no effect on MMP-2. As TIMP-1 and TIMP-2 mRNA were expressed ubiquitously both in cancer cells and stromal cells independently of HGF, it can be assumed that the hydrolytic activity of MMPs in cancer cells are inhibited to a certain degree by TIMPs. The addition of HGF could increase the availability of MMPs by inducing the expression of MMP-9 mRNA. Thus, the net effect of HGF would be increased cancer cell invasion. It is interesting to note that the expression of MT1-MMP mRNA also increased about twoto threefold in the presence of HGF. MT1-MMP has been known to provide a binding site for TIMPs, thereby converting a proform MMP into the mature, active form (15, 20) . The zymographic analysis results support our hypothesis. In the presence of HGF, most MMP-2 and MMP-9 in the culture medium exist as active forms, which contrasts to the significant amount of proforms observed in the absence of HGF. Collectively, it is concluded that HGF present in the 3D coculture induces the expression of MMP-9 and MT1-MMP mRNA in stromal cells, the former being translocated to the surface of cancer cells and the latter promoting an enzymatic cleavage of proform MMPs into mature forms. Both may result in an increase in invasiveness of cancer cells. The data from the invasion assay supports our conclusion. In the presence of HGF, all three cancer cells revealed a significant increase in invasiveness.
It has been previously reported that MT1-MMP is synthesized in moderately differentiated thyroid carcinoma cells (44) , and in the present study, we demonstrated that MT1-MMP is expressed weakly in KLE cells as well as stromal cells, and that the expression of MT1-MMP mRNA was increased by 2-3 fold in the presence of HGF. This suggests that the availability of MT1-MMP on the surface of cancer or stromal cells may contribute to cancer invasion by promoting the MMP-2 or MMP-9 translocation/utilization. The speculation would be that MMP-2 or MMP-9 are synthesized and secreted from stromal cells before they are enzymatically processed to gain full activity. The enzymatic cleavage takes place mainly on the surface of stromal cells, where MT1-MMP exists and acts as a catalyst in membrane bound form. In a small portion, the cleavage may take place on the surface of the cancer cells. This line of speculation has also been suggested previously (18) and confirmed by our zymographic results. Our data clearly demonstrated that the amount of active MMP-2 and MMP-9 increased with a corresponding decrease in the amount of proforms of MMP-2 and MMP-9 when HGF was present.
There were no significant changes in TIMP-1 and TIMP-2 mRNA expression levels induced by the addition of HGF, suggesting their constant expression in cancer cells and stromal cells. Therefore, a disruption in the balance between available MMPs and TIMPs may be an initiation event of the cancer invasion process, and HGF acts primarily by shifting the balance in favor of the invasion by enhancing the availability of MMP-2 and MMP-9.
HGF has been known to increase cancer cell mobilization, invasion, and tubular formation in endothelial cells (24) (25) (26) . It has also been reported to increase the expression of MMP-9 in the proximal tubule cells of human kidneys (45) and in human epithermal cells (39) . HGF is also involved in the gene activation mechanisms for MMP-1 and MMP-9 in oral squamous cell carcinomas by up regulation of the E1AF, a transcription factor for the Ets-oncogene family (46) . In hepatocytes, HGF promotes MMP-9 expression and TNF-a activity, but has no effect on MMP-2 expression while suppressing the actions of TIMP-1 and TIMP-2 (47) . In bone stem cells, HGF increases the synthesis of MMP-2 and MMP-9 by hydroxyapatites (48) . The results of the present study are, in general, in agreement with previous observations that an increase in invasiveness of keratinocytes was accompanied by a concomitant MMP-9 induction by HGF (39) , and that the MMP-9/MMP-2 ratio was considerably higher in endometrial cancer cells compared to normal endometrial tissues (49) . The three endometrial cancer cell lines have c-Met receptors for HGF (50, 51) , so when the effect of HGF on endometrial cancer cells is minimal or absent, MMP-2 appears to be physiologically expressed as a main degrading enzyme. However when HGF is added, the expression of MMP-9 and its activity is increased, which is subsequently utilized in the invasion mechanism. Therefore, it may be suggested that most cancer cells, including endometrial cancer cells, employ a common mechanism in their invasion processes.
In conclusion, the findings presented in this report demonstrate that first, the interaction between endometrial cancer cells and stromal cells in vitro regulates the expression of MMP-2 and MMP-9 in a paracrine fashion similar to that of in vivo endometrial stromal cells and epithelial cells. Second, the invasion of endometrial cancer cells is closely related to the availability of MMP-2 and MMP-9, which is greatly enhanced by HGF, either by inducing mRNA synthesis or by promoting conversion of proforms to active forms. Third, there is no change in TIMP-1 and TIMP-2 expression induced by HGF. Therefore, the balance between MMPs and TIMPs is altered in favor of MMPs in the presence of HGF, and the altered balance could result in an increased proteolytic activity of the cancer cells.
